Checkpoint blockade immunotherapy is now a first-line treatment option for patients with melanoma. Despite achieving objective responses in about half of patients, the exact immune mechanisms elicited and those required for therapeutic success have not been clearly identified. Insight into these mechanisms is key for improving outcomes in a broader range of cancer patients. We used a murine melanoma model to track responses by different subsets of tumor-infiltrating lymphocytes (TIL) during checkpoint blockade immunotherapy. Tumors from treated mice had increased frequencies of both CD4 + and CD8 + T cells, which also showed evidence of functional reinvigoration and elevated effector cytokine production after immunotherapy. We predicted that increased T cell numbers and function within tumors reflected either infiltration by new T cells or clonal expansion by a few high-affinity tumor-reactive T cells. To address this, we compared TIL diversity before and after immunotherapy by sequencing the complementarity determining region 3 (CDR3) of all T cell receptor beta (TCRβ) genes. While checkpoint blockade effectively slowed tumor progression and increased T cell frequencies, the diversity of intratumoral T cells remained stable. This was true when analyzing total T cells and when focusing on smaller subsets of effector CD4 + and CD8 + TIL as well as regulatory T cells. Our study suggests that checkpoint blockade immunotherapy does not broaden the T cell repertoire within murine melanoma tumors, but rather expands existing T cell populations and enhances effector capabilities.
Introduction
The peripheral T cell receptor (TCR) repertoire in humans and mice is theoretically able to recognize a staggering number (> 1 × 10 13 ) of self and non-self antigens, which is key for broad immune surveillance of pathogens and potentially malignant cells [1] . This enormous diversity among possible TCR specificities is achieved during T cell development in the thymus, where T cells undergo somatic recombination of gene segments encoding the variable regions of each α and β TCR chain. Random addition and deletion of nucleotides at the junctions between gene segments further expand the possible number of unique T cell specificities, resulting in the formation of the hypervariable complementarity determining region 3 (CDR3) that shapes TCR specificity for a given antigen presented in the context of a major histocompatibility complex (MHC) molecule. While this diversity is clearly beneficial for the recognition of a wide range of pathogens, it is unknown how such an abundance of T cell specificities impacts immunity against tumors and whether the diversity of tumor-infiltrating T cells is affected during cancer immunotherapy.
Immune checkpoint blockade (ICB) relies on the infusion of antibodies that target inhibitory receptors such as PD-1 and CTLA-4 on T cells, thereby disrupting inhibitory signaling pathways and boosting endogenous immune responses. The role of checkpoint blockade in the future of cancer treatment is beyond debate [2, 3] , but the exact immune mechanisms elicited during treatment are not completely defined. The success of ICB as a cancer immunotherapy depends largely on the activity of T cells within tumors, as the frequency and function of these tumor-infiltrating lymphocytes (TIL) correlate with patient outcomes [4] [5] [6] . In animal models and in human patients, treatment with ICB increases TIL frequency and boosts T cell effector functions [7] . But beyond these metrics of immune activity, the relative diversity of T cell specificities within tumors is now being evaluated as a contributing factor in immunotherapy outcomes [5, [8] [9] [10] [11] . This concept is still controversial and it remains undetermined whether greater TCR diversity within the TIL population or greater cellular clonality correlates with better clinical responses. Either scenario seems plausible. For example, a highly focused clonal T cell response (low diversity) strongly reactive against a prominent tumorassociated antigen could provide robust antitumor immunity. On the other hand, a wider variety of T cell specificities (high diversity) could enable the immune system to respond to multiple neo-antigens expressed by a greater number of tumor cells.
Recent advances in DNA sequencing techniques have allowed the diversity of polyclonal T cells to be measured by sequencing all the TCRβ CDR3 regions present within a heterogeneous cellular population. However, there are conflicting reports as to how cancer therapy influences TIL diversity and whether this correlates with outcomes. In a mouse model of triple-negative breast cancer, TCR diversity was shown to increase among TIL after treatment with anti-CTLA-4 but was unaltered with the addition of anti-PD-1 [12] . A murine melanoma study showed that radiation therapy broadened the TIL repertoire but diversity was unaffected by anti-CTLA-4 checkpoint blockade [5] . Another preclinical study thoroughly explored how TIL diversity was influenced by a plethora of immune modulatory treatments such as anti-PD-1, anti-CTLA-4 and anti-4-1BB to treat B16 melanoma [13] . Here, total T cell diversity was barely affected during immunotherapy. Instead, tumor-reactive clones were enriched by treatments that were more successful at slowing tumor growth. Likewise, in human breast cancer patients, treatment with ipilimumab (anti-CTLA-4) alone increased TIL density but did not affect TCR diversity [14] . Clearly, the field lacks a true consensus on this issue. One limitation of these previous studies is the relatively unfocused approach of TCR analysis on total T cells or even unfractionated whole tumor tissue without considering possible changes in diversity among distinct T cell subsets. Several T cell subsets contribute to the control of tumor progression, including CD8 + cytotoxic T lymphocytes (CTL) and interferon gamma (IFNγ) producing CD4 + T helper-1 cells [15] . In contrast, Foxp3 + T regulatory (Treg) cells suppress the effector activity of CD4 + and CD8 + T cells, impeding tumor immunity [16] . How the clonality or diversity of these individual TIL subsets is influenced during cancer immunotherapy has not been reported. Here, we have taken a different approach, focusing on individual TIL subsets. Our results demonstrated that ICB treatment increased the frequency and functionality of effector CD4 + and CD8 + T cells in melanoma tumors but did not significantly alter the TCR diversity within the TIL repertoire.
Materials and methods

Mice
C57BL/6 T-bet-ZsGreen reporter (Tbet ZsG ) mice were obtained from Taconic Farms and described previously [17, 18] . These were crossed with Foxp3-IRES-mRFP (FIR) mice from Daniel Hawiger's laboratory (Saint Louis University) to generate double-reporter mice (Tbet ZsG -Foxp3 RFP ). Briefly, Tbet ZsG mice contain the coding region of ZsGreen downstream of the translational starting site of the genomic fragment encoding T-bet (T-box expressed in T cells) [18] . FIR mice contain an internal ribosomal entry site-linked monomeric red fluorescent protein (IRES-mRFP), which was placed between the translation stop codon (UGA) and the polyadenylation signal (A 2 UA 3 ) of the Foxp3 gene [19] . The generation of T-bet-ZsGreen and Foxp3-RFP doublereporter mice allowed for the sorting of T cell subsets without permeabilization or fixation. Mice were screened by flow cytometry for the presence of ZsGreen and RFP.
Tumor immunotherapy
To generate established tumors, 1 × 10 6 B16-F0 cells were injected subcutaneously into both flanks of C57BL/6 mice. Tumors were established for 5-8 days mice prior to treatment with ICB. Combination ICB consisted of anti-PD-1 (RMP1-14), anti-CTLA-4 (9D9) and anti-lymphocyte activation gene 3 (LAG-3) (C9B7 W) administered intraperitoneally at 5 mg/kg on days 5, 10 and 15 for tumor growth studies, or on days 8, 11 and 14 for day 16 analysis of TIL. Tumors were measured using digital calipers and tumor volume was determined using the equation (L × W2)/2. For TIL analysis, tumors were excised from mice and mechanically disrupted with a sterile 3-ml syringe plunger and filtered through a 40 µM strainer. All isolation steps were performed in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). + regulatory cells. Flow cytometry data were analyzed using FlowJo v.10 software (Tree Star Inc.). Intracellular cytokine staining was performed using the Cytofix/Cytoperm Plus kit (BD Biosciences) per the manufacturer's instructions. In brief, TIL were incubated with PMA and Ionomycin (Iono) for 4 h in the presence of GolgiPlug (brefeldin A). Cells were first stained with live/dead and cell-surface markers with anti-CD45 (30-F11), anti-CD8 (53-7.6), anti-CD4 (GK1.5) and anti-NK1.1 (PK136). Cells were then fixed, permeabilized, and stained with anti-IFNγ (XMG1.2) and anti-TNF (MP6-XT22). Intracellular staining of cytoplasmic and nuclear associated proteins was performed using the eBioscience cellular perm kit per the manufacturer's instructions. Briefly, TIL were processed and stained directly ex vivo with live/dead and cell-surface markers including anti-PD-1 (29F.1A12). Cells were fixed, permeabilized, and stained with antibodies specific for Eomes (Dan11mag), T-bet (eBio4B10), Foxp3 (FJK-16s), GzmB (GB11) and Ki67 (16A8). For cell sorting of the four T cell subsets, TIL from double-reporter mice were stained with anti-CD45, anti-CD44 (IM7), anti-CD8, anti-CD4, and anti-NK1.1.
Flow cytometry and cell sorting analysis
Immunohistochemistry
Whole tumors were placed in formalin and imbedded in paraffin for sectioning. Slides were deparaffinized using xylene and rehydrated with ethanol. Antigen retrieval was performed using sodium citrate. Slides were then treated with 3% hydrogen peroxide, blocked with 5% donkey serum, and then stained with CD8 primary antibody (Cell Signaling Technologies cat#98941) overnight. Secondary HRPconjugated antibody was added followed by diaminobenzidine (DAB) substrate. Slides were then counterstained with hematoxylin.
Next-generation high-throughput sequencing
T cell subsets were sorted on a BD FACSAria III to at least 95% purity based on differentially expression of CD8, CD4, CD44, T-bet and Foxp3. Purified T cells were pelleted and stored at negative 80 °C prior to shipping. DNA was extracted and next-generation sequencing was performed by Adaptive Biotechnologies, Seattle, WA, USA, as previously described [20] .
Statistical analyses
Statistical analyses to compare multiple treatment groups were performed using unpaired, two-tailed nonparametric Mann-Whitney U tests. A log-rank (Mantel-Cox) test was used to compare recipient survival. Statistical calculations were performed using Prism 7.0, GraphPad 15 Software. All error bars represent standard deviation and indicate the mean of distribution. Whenever possible, exact P values are indicated. BLOcks Substitution Matrix 62 (BLOSUM62) analysis was completed as previously described [21] . Briefly, TCR clonotypes were aligned against previously published TCR sequences specific for gp100 antigen. Similarity in the CDR3 sequences was determined by the degree of overlap in CDR3 sequence to published sequences in addition to how various specific amino acid variations impact potential antigen specificity. Venn diagrams were generated by summing the unique clonotypes per treatment group and determining how many of those clonotypes overlap between treatment groups. Shannon diversity index was calculated using the following equation:
Results
The utility of ICB is well established as a treatment for human melanoma patients [22] [23] [24] . These clinical outcomes have been further improved with combination immunotherapy approaches (anti-PD-1/CTLA-4), though long-term remission is still only seen in a subset of patients [25] . Similarly, in animal models, resistance to combination checkpoint blockade has been demonstrated in melanoma-bearing
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mice treated with combination (anti-PD-1/CTLA-4) immunotherapy regimens [15] . To overcome this resistance, we have employed an aggressive combination approach using anti-PD-1/CTLA-4 plus anti-LAG-3, as anti-LAG-3 is currently being explored in clinical trials as a monotherapy and in combination with anti-PD-1 [NCT02460224]. We previously demonstrated this triple combination to be superior compared to monotherapies or even dual-antibody combinations for restoring CD8 + TIL function and improving survival of mice with disseminated leukemia [17, 26] . To determine whether this immunotherapy strategy also improved responses against melanoma, we tested different combinations in B6 mice bearing established subcutaneous melanoma tumors, again showing improved outcomes such as smaller tumors with slower growth rates and more durable responses in mice treated with anti-PD-1/CTLA-4/LAG-3 compared to other modalities (data not shown). Based on this body of work, we conducted all subsequent experiments here using this triple combination ICB to treat B6 mice bearing B16 melanoma tumors. This melanoma line has a broad mutational landscape encoding numerous neo-epitopes similar to human melanoma [27, 28] , allowing for meaningful assessment of diverse T cell immune responses against bona fide tumor antigens.
Recipients with established melanoma tumors were treated with ICB (5 mg/kg) or vehicle control (PBS) on days 4, 8, 12 and 16 post-tumor initiation. Previous work in our laboratory and others has demonstrated that isotype control antibodies do not promote antitumor immune responses [26, 29] and thus were not included here. In contrast, immunotherapy with the anti-PD-1/CTLA-4/LAG-3 combination was effective in delaying melanoma tumor progression (Fig. 1a) . For example, by day 21 when a majority of mice in both groups were still alive, the average tumor volume in mice receiving ICB was significantly smaller than mice treated with PBS (Fig. 1b) . In a subset of ICB-treated mice, tumors remained exceptionally small even beyond day 24 of the study. Because we do not use death as an endpoint for these studies, we instead used an arbitrary tumor volume of 500 mm 3 as a surrogate threshold to compare treatment durability rather than actual survival. Whereas all mice treated with PBS crossed this threshold by day 21, those receiving ICB demonstrated resisted tumor progression with several (3/11) surviving out to day 30 (Fig. 1c) . These data highlight the overall efficacy of ICB for treatment of B16 melanoma but also show the range of responses, recapitulating the diverse clinical outcomes observed in melanoma patients treated with combination checkpoint blockade [30] . (Fig. 2a ). There were no detectable changes in the frequencies of natural killer (NK) cells or CD4 + Foxp3 + Tregs after ICB (Fig. 2a, b) . Immunohistochemistry (IHC) confirmed an increase in CD8 + TIL after immunotherapy, which were widely distributed throughout tumor tissues (Fig. 2c) . These data suggest that effector CD4 + and CD8 + T cells are likely responsible for the antitumor immunity elicited by this combination ICB regimen.
T cells are instrumental in controlling tumor progression but require differentiation and the acquisition of effector functions to mediate a therapeutic impact. Effector CD4 + T helper 1 (T H 1) cells as well as CTL are important producers of effector molecules such as IFNγ, TNF, and Granzyme B (GzmB) necessary for antitumor immunity. Since combination ICB provided enhanced control of melanoma progression corresponding with increased T cell frequencies, we determined if immunotherapy also increased the functionality of different TIL populations. Melanoma tumors were implanted and recipient mice were treated with ICB on days 8, 11, and 14. On day 16, expression of intracellular cytokines and effector molecules were measured in TIL by flow cytometry. Relative to mice treated with PBS, those receiving immunotherapy had significantly higher frequencies of multifunctional CD8 + and CD4 + TIL as well as natural killer cells producing IFNγ and TNF following ex vivo restimulation (Fig. 3a, b TIL also produced more IFNγ on a per cell basis relative to those from PBS-treated mice as indicated by increased mean fluorescence intensity (MFI) of IFNγ staining (Fig. 3c) . Furthermore, CD8 + TIL from recipients treated with ICB demonstrated increased expression of GzmB directly ex vivo (Fig. 3d) . These results show that immunotherapy with combination ICB promotes the accumulation of effector T cells within established melanoma tumors.
Combination ICB increases CD8 + TIL reinvigoration
Exhaustion of T cells within the tumor microenvironment is a particularly effective form of immune evasion in both human and mouse melanoma [31, 32] (Fig. 4a, b) . However, the proportion of these TIL displaying a reinvigorated Eomes + PD1 + Ki67 + T-bet + phenotype was significantly increased in mice treated with ICB (Fig. 4a, c) . These data suggest that combination checkpoint blockade induces reinvigoration of T cells within melanoma tumors, promoting effector activities that contribute to the control of tumor progression. 
T cell receptor diversity among melanoma TIL is unaffected by ICB
Because checkpoint blockade induced greater function and frequency of CD4 + and CD8 + T cells within tumors, we sought to determine whether this combination immunotherapy also impacted the diversity of the TIL repertoire. As described above, tumors were initiated and recipients were treated with ICB on days 8, 11, and 14. On day 16, TIL were sorted from recipient mice into four distinct subpopulations of T cells; effector CTL (CD8 + T-bet + ), recently activated CD8 + T cells (CD44 + T-bet − ), differentiated T H 1 cells (CD4 + T-bet + ), and Tregs (CD4 + Foxp3 + ). This is a novel approach to define TIL diversity compared to other studies that have examined unfractionated T cells or sequenced TCR genes from whole tumor tissue [12, 13] . To enable sorting of different T cell subsets without the need for permeabilization or fixation, B6 reporter mice expressing ZsGreen downstream of the T-bet promoter and RFP downstream of the Foxp3 (Tbet ZsG -Foxp3 RFP double-reporter mice) promoter were used as tumor-bearing recipients. Genomic DNA was isolated from sorted T cells and subjected to nextgeneration high-throughput sequencing of the TCRβ CDR3 region. Among total CD8 + T cells, more than twice as many unique TCR clonotypes (9224) were detected among TIL from treated mice compared to control mice (4046), with only 122 overlapping TCR sequences (Fig. 5a ). Similar results were observed when CD8 + T cells were segregated by expression of T-bet (Fig. 5a ). Despite the increase in the number of unique TCR sequences after ICB treatment, this does not necessarily represent a change in diversity, as this analysis did not take into account the evenness of all TCR distributed across the entire population. When evenness was considered, we measured no significant change in the diversity of the TCR repertoires (as measured by the Shannon diversity index) between ICB-treated and PBS-treated control (Fig. 5b) . While unanticipated, this outcome is in agreement with a recent study measuring TCR diversity in whole tumor tissue, where the Shannon diversity index was unchanged between untreated mice and those receiving a potent immunotherapy regimen of anti-PD-1 plus anti-4-1BB [13] .
It is not yet possible to reliably derive antigen specificity directly from TCRβ CDR3 amino acid sequences, making it difficult to predict how many of these TCR may be tumor specific. However, to gain some insight into the specificity of TCR in our CD8 + TIL populations, we interrogated our data set for the presence of four published TCRβ sequences reported to be specific for the melanoma antigen Gp100 (Pmel) [33, 34] . No identical matches to the four published Gp100-specific TCRβ sequences were identified in the CD8 + TIL TCR repertoires. However, using both the basic local alignment search tool (BLAST) and BLOSUM62, we identified 18 distinct TCR clonotypes that are predicted to share antigen specificity based on amino acid sequence similarity within the CDR3 region (Fig. 5c) . The BLOSUM is used to score alignments between protein sequences and has been previously used to mathematically predict TCR epitope specificity to hepatitis C antigens [21] . These Gp100-specific TCR were distributed across TIL populations from 4/11 mice (36%) treated with ICB and 6/12 mice (50%) receiving PBS control. Of these TCR sequence variations, 11 were found at very low frequencies among TIL only in untreated mice, 4 were found exclusively in mice treated with ICB, and 3 were shared between both groups of mice (Fig. 5d) . A caveat to this distribution pattern is that two TCR clonotypes (marked with asterisks in the second column) were present at exceptionally high frequencies in individual ICB-treated mice (25%* and 18%** of total TCR sequences compared to less than 1% PBS-treated mice). Therefore, Gp100-specific TIL were slightly more common in untreated mice but the number of these melanoma-reactive TIL was far greater in 2/11 mice treated with ICB. While such analysis on TIL specificity is clearly limited at this stage, TIL are assumed to contain a heterogeneous population of T cells reactive against both tumor and non-tumor antigens alike. However, the exact specificity of these TIL does not impede our ability to describe the overall T cell diversity within tumors. We and shared clonotypes between differently treated groups is inset. b Shannon diversity index comparing PBS-and ICB-treated mice for each T cell subset. c Four amino acid sequences (bold) from predicted Gp100-specific TCRβ. Variations of each consensus sequence found in our data sets are listed with individual amino acid differences in bold. d Venn diagrams show distribution of each of the four Gp100-specific TCR among PBS-and ICB-treated animals with the number of unique and shared sequences inset interpret our studies to suggest that immunotherapy with immune checkpoint blockade does not significantly alter the T cell repertoire within murine melanomas.
Discussion
Checkpoint blockade immunotherapy has dramatically improved outcomes for patients with melanoma [23, 35] . Subsequent combination blockade approaches have extended this clinical success to an even greater proportion of patients, eliciting long-term (at least 3 years) overall survival in more than half of patients treated [25] . However, a complete understanding into the immune mechanisms operative during treatment has been elusive. An analysis of human melanoma TIL revealed that CTLA-4 and PD-1 likely play distinct roles in suppression of immune function, and blockade of these molecules during immunotherapy induces expansion of unique CD4 + and CD8 + T cell subsets [36] . It remains to be determined whether expansion of these individual subsets alters the diversity of tumor-infiltrating T cells and whether this contributes to antitumor immunity.
Whether or not the diversity of tumor-reactive T cells influences patient outcomes remains a controversial topic. In a clinical study of 42 patients with prostate cancer, treatment with anti-CTLA-4 (ipilimumab) induced modest diversification of peripheral blood T cell clonotypes in both responding and non-responding patient cohorts and was associated with immune-related adverse events [37] . In melanoma patients, a higher density of CD4 + and CD8 + TIL of a more clonal nature (reduced diverse) correlated with better responses to PD-1 blockade (pembrolizumab) [11] . In contrast, assessment of a small group of melanoma patients treated with ipilimumab associated TIL diversity with some clinical benefit although no impact on overall survival was noted [38] . Thus, clinical responses have so far been inconsistent and difficult to interpret.
To gain insight into how checkpoint blockade immunotherapy influences the breadth of T cells infiltrating tumors, we explored TIL diversity in the B16 murine melanoma tumor model. B16 tumors have a well-characterized mutational landscape necessary for recognition by a broad range of neoantigen-specific T cells [28] . Treatment of tumor-bearing mice with combination checkpoint blockade immunotherapy resulted in significantly smaller tumors over timereflecting improved immune responses against the cancer. Indeed, recipients treated with immunotherapy displayed elevated frequencies of CD4 + and CD8 + T cells within tumors, and these T cells showed increased expression of effector molecules, indicative of enhanced functionality.
Because these TIL populations expanded after immunotherapy, we anticipated that the diversity of these subsets would also be impacted; either reduced due to clonal expansion of a small number of tumor-reactive T cells or increased due to activation and infiltration by a broader population of endogenous T cells. However, sequencing of the genes encoding all TCRβ chains within the tumor microenvironment revealed no significant changes in the overall diversity of T cells responding to immunotherapy. This is in agreement with a previous study in B16 melanoma TIL where radiation therapy induced a broader TCR repertoire, which was unaltered by the addition of checkpoint blockade antibodies [5] . In our study this was also true for individual TIL subsets such as T-bet + CD8 + effector CTL and for T-bet + CD4 + T H 1 cells. The analysis of the TCRβ repertoires of TIL revealed a diverse heterogeneous T cell population. We did not identify any previously published tumor antigen-specific clonotypes within the TIL TCR repertoires. This is not particularly surprising, as the TCR repertoire is vastly diverse and antigen-specific TCR clonotypes shared among multiple individuals account for only a small percentage of the repertoire [39] [40] [41] . A more focused assessment of melanoma-reactive TCR clonotypes showed a wide distribution of predicted Gp100-specific TCR in TIL regardless of immunotherapy. However, these data are limited to a very small subset of TCR specific for a single melanoma antigen. As increases in technology allow for more accurate prediction of TCR specificity from CDR3 sequencing data, a more comprehensive assessment of how checkpoint blockade influences tumor-reactive TIL will be possible.
Our results indicate that successful immunotherapy of murine B16 melanoma does not require tumor infiltration by new T cells with broader specificities, as the breadth of T cell specificities present after expansion essentially mirrored that prior to expansion. This conclusion aligns with another study where the diversity index of TCR within whole tumor tissues was unaltered even after treatment with a successful immunotherapy combination of anti-PD-1/4-1BB [13] . In contrast, increased TIL diversity was observed in mice treated with a low-efficacy monotherapy of anti-4-1BB, which failed to control melanoma tumor growth. Together with our studies, these data raise questions about the utility of TIL diversity as a predictor or driver of therapeutic success. Results from our study also suggest successful immunotherapy was not reliant on the select expansion of certain T cell clones, but rather induced relatively uniform expansion of the majority of tumor-infiltrating T cells, thus leaving overall TIL diversity unaffected. The stability of population diversity among Foxp3 + regulatory T cells was not surprising given these cells did not expand during treatment, but to our knowledge this is the first report of TCRβ chain diversity in tumor-infiltrating regulatory CD4 + T cells. Of course, our observations here are limited to one particular murine melanoma model. Whether the success of immunotherapy in human cancer patients is also independent of changes in TIL diversity has yet to be determined. It is likely that different therapeutic approaches and distinct cancers could yield new conclusions.
